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Available online 8 November 2007AbstractWe suggest methods for the analysis of the spatial distribution of plant species in a research area divided into a quadrat lattice. In
particular, information about the topography and the spaces without plants is used for the analysis. At sites with a homogeneous
substratum, we classify the topography by whether a target grid is concave or convex with respect to a standard surface of altitude.
At other sites, we classify the topography according to whether the grid is located at the edge of rock and/or at a water pool. In-
formation about the topography and the plant existence is used for constructing 2  2 contingency tables. In order to determine the
strength of dependence between the topography and plant existence, the Akaike information criterion (AIC) is used. The methods
are applied to data of the microtopography and distribution of mosses in continental Antarctica.
 2007 Elsevier B.V. and NIPR. All rights reserved.
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In plants with very small seed or propagule bodies,
the establishment of a plant individual depends on the
condition of the microenvironment. Ecologists have
used various scales of research designs to investigate
this relationship. In the case of seeds, Iba´n˜ez and
Schupp (2002) related the density of montane xerophyte
seed to some conditions of canopy gaps. In the case of
propagules, Ross-Davis and Frego (2004) observed the
mosses and the propagule bank within grids of contigu-
ous cells on the floor of a mixed-wood forest. In these* Corresponding author. Tel.: þ81 3 5421 8784.
E-mail address: okudam@gakushikai.jp (M. Okuda).
1873-9652/$ - see front matter  2007 Elsevier B.V. and NIPR. All rights
doi:10.1016/j.polar.2007.09.001types of studies, the vegetation could be explained by
the physical effects of the environment.
The survival of a sprout in its distributed area may
also depend strongly on local conditions. In Chambers
et al. (1990), seedling emergence was explained by
cohort and environmental condition (e.g. soil water
potential). However, an imperceptible difference in the
conditions, namely, the microenvironment, would be
sometimes fatal to the establishment of plants in a des-
ert. Existing methods for analyzing the relationship
between the spatial structure of the ground and the
distribution of small plants (e.g. sprouts and small seed-
lings) are not sufficient for describing the microenviron-
ment. For example, in Freedman et al. (1982) and in
Jolls and Bock (1983), seedling density was describedreserved.
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spatial accuracy to the research on the distribution of
seeds and propagules mentioned above. On the other
hand, among existing studies for analyzing spatial
data in general, second moment statistics (e.g. Nanami
et al., 1999; Pe´lissier and Goreaud, 2001) and spatial
autocorrelation (e.g. Anselin, 1995; Yamanaka et al.,
2007) have been used. However, these statistical
methods are inappropriate for categorized data such as
coverage by species and presence of species.
Cockell et al. (2001) studied the vegetation cover at
micro-oases in the polar desert using a small subsam-
pling quadrat. Michalet et al. (2002) studied the plant
community in a subalpine belt using information about
the topography and substrata in the quadrat. In these
cases, methods of clustering or ordination (TWIN-
SPAN, CCA) were used for the analysis. However,
such methods are not very effective for evaluating the
mixed structure of plant establishment and of bare
ground. For the evaluation of such a mixed spatial struc-
ture, the measurement of microtopography would give
useful information. We note that microtopography
would affect some of the environmental conditions
(e.g. Tamura and Takeuchi, 1980). For instance, it
makes water flow, which affects moisture and richness
of nutrient. It also provides shade that protects the space
from evaporation. If we can assume that the microto-
pography makes a part of environmental conditions, in-
formation about the environment could be obtained
through the measurement of microtopography.
In this study, we suggest methods of statistical anal-
ysis that can estimate the relationship between microto-
pography and binary vegetation data in a research area
divided into a quadrat lattice. We present a case study of
moss vegetation in continental Antarctica because itTable 1
Study plots with location of plots, substratum, vegetation, maximum and m
Plot no. and place Location
1: Northern bay of Rundva˚gshetta S: 6954.20
E: 3904.30
2: Magoke Cape at Skallen S: 6940.60
E: 3929.10
3: Eastern bay of Langhovde Yukidori Valley S: 6914.20
E: 3944.30
4: Torinosu Bay at Skarvsnes S: 6928.90
E: 3935.30
5: Northwest of Suribati Ike at Skarvsnes S: 6928.90
E: 3939.80
6: North of Suribati Ike at Skarvsnes S: 6929.00
E: 3940.70should be sensitive to microenvironment such as water
availability.
2. Methods and materials
2.1. Field observation
The study area was at the periphery of Syowa station,
situated on the Soˆya Coast, Lu¨tzow-Holm Bay, East
Antarctica. In this region, there are no vascular plants
and the climax stage of terrestrial succession is moss
vegetation (Kanda et al., 2002). Mosses are found as
small patches scattered on bare ground beside a snow-
drift or along a stream. Because of the absence of vas-
cular plants in the region, there is no concern about
them invading and covering the moss vegetation. The
mean temperature from February 2004 to January
2005 was -10.1 C and the mean monthly temperature
in the hottest December months was 0.2 C at Syowa
station (NIPR, 2005). This area has annual mean precip-
itation below 200 mm (Bo¨lter et al., 2002).
Six plots were established in ice-free areas along the
study site. Wide (more than 4  4 m with buffer zone)
and sparse (including some bare ground) moss popula-
tions were selected as study plots.
Table 1 indicates the location, the substratum and the
vegetation of each study plot. Plots 2, 5 and 6 were
treated as sandy sites and plots 1, 3 and 4 were treated
as rocky sites. There were water pools with a temporary
small stream in plots 1 and 4, whereas in plot 3 there
were stable water pools. The dominant mosses of these
study plots were Bryum pseudotriquetrum, Ceratodon
purpureus and Pottia heimii. Cyanobacteria were usu-
ally distributed under and around the moss populations
in the whole of the study site.edian coverage
Substratum Vegetation Coverage
(Max. [Med.])
Rock Bryum pseudotriquetrum 0.5 [0.5]
Ceratodon purpureus 4 [1]
Sand Bryum pseudotriquetrum 2 [0]
Pottia heimii 3 [0.5]
Rock Bryum pseudotriquetrum 1 [0]
Ceratodon purpureus 1 [0]
Rock Bryum pseudotriquetrum 4 [0.5]
Pottia heimii 2 [0]
Sand Bryum pseudotriquetrum 2 [0.5]
Pottia heimii 2 [0.5]
Sand Bryum pseudotriquetrum 2 [0]
Pottia heimii 2 [0]
Fig. 1. An example of a study plot (2: Skallen). The measure indicates a 4  4 m plot. Colonies of Bryum pseudotriquetrum-Pottia heimii (green
space) and cyanobacteria (black space) were seen.
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marked in each 4  4 m plot (Fig. 1). Topographic relief
was surveyed at the central point of each grid at 1 mm
precision using Total Station (GPT-7003 TOPCON).
The coverage of mosses and cyanobacteria and the
ground condition at each grid were observed. The cover-
age as viewed from above was measured in 7 levels (0,
0.5: 0 < c < 5%, 1: 5  c < 20%, 2: 20  c < 40%, 3:
40  c < 60%, 4: 60  c < 80%, 5: 80% < c).
2.2. Data analysis
For the analysis of the relationship between the moss
existence and the microhabitat, different treatments of
data were carried out on each substratum type (rocky
or sandy). At sandy sites, the presence of moss and to-
pographic relief were used as factors. First, an approx-
imate topographic relief was predicted by a polynomial
regression model of order D, where the order is meant
by the maximum degree of polynomial with two vari-
ables and where D was assigned in the range 1-4. The
formula is
AltD ¼
XD
i¼0
XD
j¼0
aijx
iy j þ 3
ðiþ j  D; D¼ 1;2;3;4; 3wNð0;s2ÞÞ
ð1Þ
where Alt is the predicted altitude of the measuring
point, x and y are the coordinates of the central pointof each grid, each a is a parameter to be estimated
by the maximum likelihood method, D is the assigned
order and 3 is the error term. After estimating the coef-
ficient parameters faijg of Eq. (1) for each D, the resid-
ual between the observed and the predicted altitude
was calculated for each grid. The topographic relief
of the grid was categorized as a ‘hollow’ or a ‘mound’
according to whether the sign of the residual was ‘’
or ‘þ’, respectively. At the same time, the existence
(coverage level > 0) or absence of moss of each spe-
cies was noted. Then 2  2 contingency tables were
constructed (e.g. Fig. 2) for each species, order of sur-
face and plot.
After constructing 2  2 contingency tables for each
D, the Akaike information criterion (AIC) was used to
test for the independence of the existence of moss and
topographic relief. Significance tests (e.g. chi-square
test, Fisher’s exact test) are not suitable in this case be-
cause we need to decide which is the most suitable D for
determining moss preference. Therefore, the tables
were analyzed by the model selection method for cate-
gorical data (Sakamoto, 1982). The AIC of the indepen-
dence model (AIC0) and the AIC of the dependence
model (AIC1) are as follows.
AIC0 ¼ ð  2Þ
XC0
i0¼1
XC1
i1¼1
nði0; i1Þlog nði0; $Þnð$; i1Þ
n2
þ 2ðC0 þ C1  2Þ ð2Þ
Fig. 2. An illustration of the method for constructing the contingency
table. Here, Plot 2 of sandy site is used as an example. The abscissa
of the graph represents the residual from predicted altitude and the
ordinate represents the coverage of moss. Open circles correspond
to the observed data of 400 grids which are plotted on this graph.
The vertical dotted line indicates the position of categorizing residual
(‘’or ‘þ’) and the horizontal dotted line indicate the position of cat-
egorizing coverage (‘absence’ or ‘existence’). Four numbers at the
lower left correspond to 2  2 contingency table constructed by the
present categorization. ‘Moss existence rate’ at the middle of
the graph indicates the values of the rate computed for checking
‘Preference’.
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XC0
i0¼1
XC1
i1¼1
nði0; i1Þlog nði0; i1Þ
n
þ 2ðC0C1  1Þ ð3Þ
The frequency in category ði0; i1Þ is nði0; i1Þ, n is the to-
tal frequency, C0 and C1 are the number of categories
for each variable (here C0 ¼ C1 ¼ 2),Fig. 3. Examples of categorizing a particular grid. The two figures show ho
value of D. The black curve is the regression model surface. The gray curve
of the target grids. A mound is defined as a feature which is higher than tnði0;$Þ ¼
XC1
i1¼1
nði0; i1Þ
and
nð$; i1Þ ¼
XC0
i0¼1
nði0; i1Þ:
The principle of minimum AIC was adopted.
Namely, the model with the smaller AIC value is se-
lected. When AIC0 is selected, we assign the property
‘independent’ to the data set. When the dependence
model is adopted, we checked whether the population
of mosses tends to prefer the hollows or the mounds
by calculating the moss existence rate on each category
(see Fig. 2) and assigned the property ‘moss preferred
hollows’ or ‘moss preferred mounds’, respectively.
We call this property ‘Preference’.
As the order D of the topographical regression model
of Eq. (1) alters, the structure of contingency table
changes (see Fig. 3). For example, when D ¼ 1 (see
Fig. 3a), ‘a mound in a hollow’ was treated as ‘a hollow’
(indicated by the down arrow at left) and ‘a hollow in
a mound’ was treated as ‘a mound’ (indicated by the
up arrow at right). On the other hand, when D ¼ 3
(see Fig. 3b), the points are defined with the opposite
attributes.
The value of AICd ¼ AIC1  AIC0 is usually used for
selecting the categorization method of variables. In the
case of comparing contingency tables with the same
number of cells, the value can be interpreted as the
strength of dependence among variables. For each D,
the value of AICd was calculated for each species in
each plot. The order D with the smallest AICd gives
the categorization of hollows and mounds for explain-
ing the features of moss distribution, as we shall discussw a grid in one place can be categorized differently depending on the
is the observed surface. A dotted circle indicates the microtopography
he modeled surface, a hollow is one which is lower.
Table 2
AIC values for the regression model AltD (Eq. (1)) against D in each
plot
D Plot 2 Plot 5 Plot 6
1 1216 1565 1963
2 1553 1827 2289
3 1959 1892 2469
4 2071 1951 2558
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of Eq. (1) (predicted feature of topography; see Table 2)
became bigger as D increases (D ¼ 1e4). The residuals
from AltD with a higher value of D indicate a delicately
rolling topography. The data analysis was performed
using the statistical software R (ver.1.9, http://www.r-
project.org/).
At rocky sites with water pools, the existence of
moss on target grids and the condition of periphery
grids (existence of rock or water pool) were used as fac-
tors. In this study, moss species were not observed on
rock substrata. There are mosses in the water pools.
However, we did not include them in the coverage of
mosses. Therefore, if grids have the maximum rockFig. 4. Schematic diagram for the analysis at a rocky site. The upper right
gray areas indicate rocks and a green area indicates a place which is expecte
grids indicates the maximum rock coverage of ‘level 5’. In the lower left dia
the lower right diagram, gray grids represent the first and second neighborcoverage (level 5) or if they have a water pool (not level
0), those grids were not used as target grids. For the
analysis of a target grid, first and the second neighbor
grids are necessary. Therefore, the peripheral grids
were not used as target grids. The existence or absence
of moss of each species on each target grid was noted.
At the same time, neighboring grids (the first neighbor
or the first and the second neighbor) with maximum
rock coverage (see Fig. 4) or the existence of water
pools were identified. Then 2  2 contingency tables
were constructed for each species and plot. The tables
were analyzed using the AIC, as before.
3. Results and discussion
Table 3 indicates the result of the analysis of sandy
sites. In cases of D ¼ 1, 3 and 4 at plot 2, D ¼ 1, 2
and 3 at plot 5 and D ¼ 1 and 3 at plot 6 for both species
(B. pseudotriquetrum and P. heimii), a dependence be-
tween the existence of moss and topographic relief
was detected; the hollow grids had a higher rate of
existence of moss than the mound grids. In the case of
D ¼ 2 at plot 2 for both species, the dependencephoto is an example snapshot of rocky site. In the upper left diagram,
d to be good for the establishment of mosses. The number ‘5’ in gray
gram, gray grids represent the first neighbors of target grid ‘T’, and in
s of target grid.
Table 3
Results for sandy sites
D AICd Moss existence
Plot 2 Bp In hollows On mounds Preference
1 8.22 29% 15% B
2 7.96 16% 30% C
3 3.35 29% 19% B
4 17.96 34% 15% B
Plot 2 Ph Moss existence
In hollows On mounds Preference
1 4.58 66% 53% B
2 8.18 53% 68% C
3 6.27 69% 55% B
4 11.25 71% 53% B
Plot 5 Bp Moss existence
In hollows On mounds Preference
1 65.98 81% 41% B
2 18.48 74% 53% B
3 5.63 69% 56% B
4 1.83 64% 62% e
Plot 5 Ph Moss coverage
In hollows On mounds Preference
1 38.98 77% 47% B
2 5.61 71% 58% B
3 0.57 68% 60% B
4 1.93 65% 63% e
Plot 6 Bp Moss existence
In hollows On mounds Preference
1 28.41 61% 33% B
2 0.33 51% 44% e
3 6.75 55% 40% B
4 0.74 50% 45% e
Plot 6 Ph Moss existence
In hollows On mounds Preference
1 30.05 60% 32% B
2 1.81 47% 45% e
3 1.53 51% 42% B
4 1.53 42% 45% e
Values of AICd for each model, moss existence rate and pattern of the
existence (Preference). Bp, Bryum pseudotriquetrum; Ph, Pottia
heimii.B: Moss preferred hollows;C: Moss preferred mounds; e:
Dependency was not detected.
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graphic relief) was detected, and the mound grids had
a higher rate of existence of moss than the hollow grids.
In other cases, dependence between the two factors was
not detected. In the case of D ¼ 4 at plot 2 and D ¼ 1 at
plots 5 and 6, the smallest values of AICd were obtained.In cases of D ¼ 1, the data suggested that the mosses
of both species (B. pseudotriquetrum and P. heimii) pre-
ferred the hollows in each plot. This means that the hol-
lows below the predicted plane surface were favorable
for the establishment of mosses. One reason for this is
that the microhabitat of mosses is affected by rough
terrain. Another reason might be the biological and
topological effects of cyanobacteria. As cyanobacteria
facilitate the establishment of mosses (e.g. nitrogen fix-
ation by Nostoc commune; Davey and Marchant, 1983),
the effect of topographic rising should be canceled and
the explanatory ability of the microhabitat declines at
a higher D. However, in the case of plot 2, this canceling
effect would be stronger than in other cases. This would
affect the behavior of AICd against D.
Table 4 indicates the result of the analysis at rocky
sites. In the case of B. pseudotriquetrum at plot 1 with
first and second neighbor being considered, a depen-
dency between the existence of moss and the existence
of rock in the neighboring grid was detected. The rock
edge grids (the grids around rock) were more likely to
contain moss than the other grids. However, in all other
cases, dependence between the two factors (existence of
moss and existence of rock at the neighbor grid) was
not detected. Broadly speaking, the existence of rocks
hardly affected the distribution of mosses directly.
In the case of plot 1 for both neighbor ranges (‘first’
and ‘first and second’) and both species (B. pseudotri-
quetrum and C. purpureus), a dependence between the
existence of moss and the existence of a water pool in
the neighbor grid was not detected. In the case of plot
3 for both neighbor ranges and both species, a depen-
dence between the two factors (existence of moss and
existence of water pool at the neighbor grid) was de-
tected. The water edge grids (the grids around a water
pool) were more likely to contain moss than the other
grids. The distribution of mosses at a plot with a stable
water environment (plot 3) was sensitive to the exis-
tence of a water pool.
In the case of B. pseudotriquetrum at plot 4, depen-
dence between the two factors was not detected. How-
ever, in the case of P. heimii at plot 4, a dependence
between the two factors was detected. The water edge
grids had a lower rate of the existence of moss than
the other grids. This suggests that P. heimii is less
spatially competitive than B. pseudotriquetrum in rich
water areas. Previous studies have indicated that C. pur-
pureus can grow in drier conditions than B. pseudotri-
quetrum (Lewis Smith, 1999), and that P. heimii and
C. purpureus show a similar distribution pattern in mi-
cro-relief (Okitsu et al., 2004). From these studies, it
could be inferred that B. pseudotriquetrum grows better
Table 4
Results for rocky sites
Rock: First only AICd Moss existence
Rock edge Others Preference
Plot 1
Bp 0.66 84% 75% e
Cp 1.94 97% 96% e
Plot 3
Bp 1.48 31% 25% e
Cp 1.65 38% 33% e
Plot 4
Bp 1.66 88% 92% e
Ph 1.44 71% 78% e
Rock: First & second Rock edge Others Preference
Plot 1
Bp 0.34 84% 74% B
Cp 0.97 98% 95% e
Plot 3
Bp 1.84 28% 25% e
Cp 1.79 37% 34% e
Plot 4
Bp 1.03 86% 93% e
Ph 1.90 78% 76% e
Water pool: First only Water edge Others Preference
Plot 1
Bp 1.99 77% 77% e
Cp 1.99 96% 96% e
Plot 3
Bp 6.23 44% 22% B
Cp 3.93 51% 31% B
Plot 4
Bp 0.82 88% 94% e
Ph 19.73 60% 96% C
Water pool: First & second Water edge Others Preference
Plot 1
Bp 1.99 76% 77% e
Cp 1.28 94% 97% e
Plot 3
Bp 6.42 39% 21% B
Cp 5.42 47% 29% B
Plot 4
Bp 1.23 89% 94% e
Ph 12.86 67% 97% C
Values of AICd of each model, moss existence rate and pattern of the
existence (Preference). Bp, Bryum pseudotriquetrum; Cp, Ceratodon
purpureus; Ph, Pottia heimii. B: Moss preferred the condition; C:
Moss did not prefer the condition; e: Dependency was not detected.
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accord with these studies.
In this analysis, AICd was used for evaluating the
strength of the dependence between variables in a con-
tingency table. Usually, if we need only information
about dependence, it is common to use the chi-squarestatistic or Fisher’s exact test (Cormack and Mantel,
1991). However, the p-value of these statistics is not
suitable for the direct comparison of the strength of
the dependence. On the other hand, AICd can also be
used for the comparison of the strength of the environ-
mental influence on the plant distribution.
The results of our study suggest that the distribution
of mosses was affected by topological relief and by
water conditions in the polar desert. Our analysis can
be effectively used even for the binary data of plant
presence as long as there is specific spatial information.
Our methods will be applicable to other binary data
such as remote sensing vegetation data.Acknowledgments
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